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Abstract
Sperm whales are present in the Canary Islands year-round, suggesting that the archipel-
ago is an important area for this species in the North Atlantic. However, the area experi-
ences one of the highest reported rates of sperm whale ship-strike in the world. Here we
investigate if the number of sperm whales found in the archipelago can sustain the current
rate of ship-strike mortality. The results of this study may also have implications for offshore
areas where concentrations of sperm whales may coincide with high densities of ship traffic,
but where ship-strikes may be undocumented. The absolute abundance of sperm whales in
an area of 52933 km2, covering the territorial waters of the Canary Islands, was estimated
from 2668 km of acoustic line-transect survey using Distance sampling analysis. Data on
sperm whale diving and acoustic behaviour, obtained from bio-logging, were used to calcu-
late g(0) = 0.92, this is less than one because of occasional extended periods when whales
do not echolocate. This resulted in an absolute abundance estimate of 224 sperm whales
(95% log-normal CI 120–418) within the survey area. The recruitment capability of this num-
ber of whales, some 2.5 whales per year, is likely to be exceeded by the current ship-strike
mortality rate. Furthermore, we found areas of higher whale density within the archipelago,
many coincident with those previously described, suggesting that these are important habi-
tats for females and immature animals inhabiting the archipelago. Some of these areas are
crossed by active shipping lanes increasing the risk of ship-strikes. Given the philopatry in
female sperm whales, replacement of impacted whales might be limited. Therefore, the
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application of mitigation measures to reduce the ship-strike mortality rate seems essential
for the conservation of sperm whales in the Canary Islands.
Introduction
Worldwide, the anthropogenic impact on marine life is increasing due to an intensifying utili-
sation of the marine environment. During the last few decades maritime traffic volume and
vessel speed have grown rapidly, leading to an increase in ambient noise [1], as well as in the
number of ship-strikes [2]. The increase in the number of ship-strikes has been identified as of
particular concern for species that spend long periods of time near the surface [3, 4] where they
are vulnerable to ship-strikes. Cetaceans must come to the surface to breathe and consequently
there are numerous documented cases of both serious injuries and mortalities caused by ship-
strikes in cetacean populations [2, 5]. As a result, the mortality from ship-strikes has become
an important conservation issue for cetaceans worldwide.
Although a variety of sailing and small motorised vessels have been reported as being
involved in collisions [6], the occurrence and severity appears to increase with both the size
and the speed of vessels [2, 5, 7]. Furthermore, the likelihood of collision increases in areas
where high volumes of maritime traffic overlap with areas frequented by cetaceans [2]. Reports
of ship-strikes include collisions with both small and large whales [8], but whales that swim
slowly and spend long periods at shallow depths seem to be particularly vulnerable. To date,
ten species of shallow-diving baleen whales have been reported to be globally involved in ship-
strikes [2, 9]. Ship-strikes are of particular concern for small or isolated populations in near-
shore habitats with high levels of maritime traffic [10, 11]. This is the case with the North
Atlantic right whale (Eubalaena glacialis), where collisions with vessels have been identified as
the main factor underlying the risk of extinction [12]. In general, the low reproduction rate of
cetaceans, often compounded by complex social structures, can cause ship-strikes to have a sig-
nificant impact at a population level [12,13].
To date, much of what is known about ship-strikes comes from coastal shallow-diving spe-
cies [e.g. 2, 11]. In order to better understand the impact of ship-strikes on deep-diving species
this study examines the sperm whale (Physeter macrocephalus) within an area that allows the
assessment of the study's two essential objectives: the determination of the abundance of sperm
whales in the area and a measure of the minimum ship-strike mortality rate. These objectives
were feasible because of the proximity of the whale's deep-water habitat to land within the
Canary Islands study area. The Canary Island archipelago consists of seven main volcanic
islands, located off the northwestern coast of Africa.
Within the archipelago high densities of whales and dolphins coincide with areas of rela-
tively high maritime traffic levels [14, 15, 16]. From 1991 to 2007 a total of 59 strandings, some
11% of the total number of strandings, were reported as showing signs of ship-strike. Eight dif-
ferent cetacean species could be identified: sperm whales (n = 24, 41%), pygmy sperm whales
(Kogia breviceps, n = 7, 12%), Cuvier´s beaked whales (Ziphius cavirostris, n = 7, 12%), short-
finned pilot whales (Globicephala macrorhynchus, n = 6, 10%), Gervais´ beaked whales (Meso-
plodon europaeus, n = 1, 2%), fin whales (Balaenoptera physalus, n = 2, 3%), Bryde´s whales
(Balaenoptera brydei, n = 2, 3%), and sei whales (Balaenoptera borealis, n = 1, 2%), in the
remaining 9 strandings (15%) the species was not identified [15]. These reports of whales with
signs of ship-strike increased in 1999 and have remained consistently high since [15]. This
increase corresponds with the concurrent rise in the mean speed of ferries and the number of
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ferry journeys in the archipelago [14, 17]. Sperm whales are found year-round in the waters off
the Canary Islands [18] and within the islands comprise the majority of stranding records
where signs of ship-strike are present [15]. Since 1999 an average of two sperm whales per year
have stranded within the archipelago with signs of ship-strike [15]. The sperm whale is listed
as Vulnerable by the International Union for Conservation of Nature (IUCN) and is included
in Annex IV of the European Union Habitats Directive.
In the Canary Islands collisions may be caused by international shipping, most often transit-
ing through the two International Maritime Organization (IMO) designated shipping lanes
within the Particularly Sensitive Sea Area (PSSA) of the Canary Islands [19], and by inter-
island vessel traffic. Ferries operating in the Canary Islands usually travel at speeds of 23 to 40
knots (some 43 to 74 km/h) [16]. Laist et al. [2] and Vanderlaan and Taggart [5] correlated
increasing vessel speed (above 10 knots) with a greater probability of ship-strikes and of whales
sustaining a lethal injury from such strikes.
Here we provide an estimate of the absolute abundance and density of sperm whales within
the Canary Islands and a snap-shot of their distribution. The results are used to assess the
potential for ship-strikes in the archipelago to impact on the local abundance of sperm whales.
This assessment shows that in the long term this deep-diving species cannot sustain the current
level of ship-strikes within this local area. This has implications for other areas, particularly
remote offshore areas, where high concentrations of deep-diving whales may coincide with
high levels of ship traffic resulting in the impacts of ship-strikes going unnoticed.
Materials and Methods
Survey area and transect design
The survey was designed to cover an area extending from the islands' shelf-edge, across the
slope and into abyssal waters; the 500 m isobath was used as the inner survey boundary while
the outer boundary was 27 km offshore from this (Fig 1). This survey area included the territo-
rial waters around the Canary Islands, where the Spanish Government has a mandate from
national and international conservation law to manage protected species and mitigate anthro-
pogenic impacts for conservation purposes. Furthermore, the survey area encompassed the
Concepcion, Amanay and El Banquete seamounts (Fig 1), which are proposed for inclusion in
the EU Nature 2000 network of protected areas. The total area of the zone surveyed was 52933
km2. The zone was divided into 23 survey blocks to facilitate transect design (Fig 1), which was
carried out using Distance version 6.0 release 2 (distancesampling.org, [20]. An equidistant zig-
zag transect design was used, with a random start to the zigzags within each block, and with a
similar coverage rate across all blocks; this resulted in 99 transects totalling 3030 km in length.
The principal axis for the zigzag design within each block was as close to parallel to the
bathymetry as possible, resulting in transects approximately perpendicular to the slope. The
average survey speed was 6.4 knots (11.8 km/h), essentially fulfilling the recommendation ([21]
p251) that surveys should be conducted at speeds of at least 2–3 times that of the animals'
speed in order to avoid an overestimation of animal density; typical speeds for sperm whales
are 1.9–3.2 knots (3.5–6 km/h) [22]. The survey was carried out with the permission of the
Canary Islands Government, and since the survey methodology was passive, did not require
permitting from ethical committees.
Due to weather conditions and logistical reasons the survey was performed over three sepa-
rate time periods: (i) 24th September to 18th October 2009: the transects around the Concep-
cion seamount, Lanzarote, Fuerteventura, La Palma and El Hierro, as well as part of Gran
Canaria, Tenerife, La Gomera, Amanay and El Banquete seamounts were surveyed; (ii) 6th-16th
December 2009: the transects around Tenerife and La Gomera were completed; (iii) 23rd-26th
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February 2010: the transects around Gran Canaria, Amanay and El Banquete seamounts were
completed (Fig 1).
Acoustic Survey
Acoustic data were collected using a hydrophone array with two broadband frequency hydro-
phone elements (HP-03) 23.4 cm apart and a broadband preamplifier with a 2 kHz high-pass
filter (Ecologic, J. Gordon) towed 200 m behind the vessel. The hydrophone was connected to
an amplifier box built by Seiche Measurements Ltd. Sound was digitised with an analogue to
digital converter (ADC E-MU Tracker Pre) at a sampling rate of 96 kHz and recorded continu-
ously as WAV files using IFAW's Logger software, version 4.05.0002. An automatic click detec-
tion and classification program, Rainbow Click [23] version 4.07.0002, ran continuously
throughout the survey. Rainbow Click identified candidate sperm whale clicks and calculated
the bearings to these clicks in real-time by measuring the difference in time of arrival of the sig-
nal at the two elements.
Click Analysis
To obtain perpendicular distances to whales it was necessary to use the bearings to clicks pro-
duced by individual whales and to intersect these as the vessel passed the whales. Clicks were
assigned to individual whales during post-processing by analysing theWAV recordings using
Rainbow Click [24]. The program identified candidate sperm whale clicks and plotted these on
bearing against time, amplitude against time and inter-click interval against time plots. The pro-
gram also provided plots of the waveform and the power spectrum for individual clicks and
allowed playback of selected clicks. An analyst used these tools to assign clicks to click trains and
Fig 1. Survey area. Survey area indicating the names of the islands and seamounts, and showing selected isobaths, the survey blocks (black lines) and the
designed transects (magenta lines).
doi:10.1371/journal.pone.0150660.g001
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click trains to individual whales. Clicks of individual sperm whales appeared as sequences of reg-
ularly spaced clicks on a bearing that changed slowly with time as the vessel passed the animals.
Determining Perpendicular Distances
A routine for estimating whale positions, implemented in Matlab 6.5 (www.mathworks.com),
was used to estimate the position of each whale and consequently its perpendicular distance to
the track-line. The routine combined data for the ship's course with data on bearings to clicks
from individual whales and, by simplifying the situation and assuming whales were at the sea
surface, crossed these bearings at the surface. This produced two areas of intersection, one to
the left and one to the right of the track. The routine selected the side with the most coherent
intersection of bearings and the distance between this point and the survey was then used in
the program Distance. The simplification of assuming whales were at the surface means that
for diving whales the perpendicular distance is over-estimated. The bias introduced by this
simplification was investigated by Leaper et al. [25] and found not to be significant.
Line-transect g(0) estimation
Conventional Distance sampling (CDS) analysis [21] was used to calculate the density of
whales in the survey area. A detection model was used to calculate the equivalent width of the
survey strip as if a strip-transect survey (i.e. of fixed width) had been used, this is termed the
effective strip half-width (ESHW). This allows the density of animals within the effective strip
to be estimated. Hence, density estimates rely on the knowledge of a detection function, i.e. the
probability of detecting an animal as a function of its perpendicular distance from the track-
line. Here, a key parameter is g(0), the probability of detecting animals at zero horizontal dis-
tance from the track-line, which is assumed to be certain. However, sperm whales occasionally
spend extended periods at the surface, resting and/or socialising, when they do not echolocate,
this can result in g(0) being less than one. Previous studies have used g(0) = 1 as an approxima-
tion to the actual value of g(0) as evidence suggested that extended non-echolocating periods
were relatively rare (e.g. [26]), and furthermore accurate data on the extent and frequency of
such periods was either not available or not easily obtained.
The probability of acoustically detecting whales is a combination of the probability of whales
vocalising and the probability of detecting these sounds. Following Barlow et al. [27] we
assumed that, within the ESHW either side of the track-line, the availability bias, resulting
from animals being missed because they were not vocalising, dictates g(0). We therefore esti-
mated the acoustic availability bias of sperm whales using a Monte Carlo simulation. The
model used defines a ship travelling through a 1-D model space (the transect line) of L km
length (randomly chosen between 100 and 1000 km) with a fixed speed. N (1–300) randomly
distributed stationary whales were placed on the track-line changing their detectability (time
echolocating/not echolocating) after a period te/tne. Periods te and tne were randomly chosen
from a distribution of te and tne values derived from empirical data (see below). Whales vocalis-
ing within a range equal to the ESHW behind or ahead of the travelling vessel were considered
as detected. We used the ESHW obtained from the perpendicular distances as a proxy for the
ESHW ahead and behind the vessel, this can cause a bias [28], however due to the long-range
detection of sperm whales' echolocation clicks and the relatively short duration of the non-
echolocating periods this bias can be considered negligible.
For animals on the track-line the survey’s detection time-window is defined as 2 × detection
range / survey speed. We estimated g(0) by dividing the number of detected whales n by the
total number of whales present in the model space: g(0) = n/N. The distributions of te and tne
values were derived from the number and duration of the periods that sperm whales spend
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echolocating or not, respectively. This was estimated using data from acoustic and movement
tags (DTag, [29]) deployed on seven sperm whales off the Azores; this provided 94 hours of
combined acoustic and movement data (Fig 2). Three of the seven sperm whales were recog-
nised as females, given that calves were seen suckling from them; the rest may have been adult
females or immature males, both similar in appearance (Table 1).
The dive profiles of tagged whales were divided into dive cycles comprising a foraging dive
and the following inter-dive interval (IDI). Only complete dive cycles (n = 80) were used and
Fig 2. Dive profiles and time budgets.Dive profiles of each sperm whale tagged off the Azores in 2010, A) 211b, B) 222a, C) 222b, D) 226a, E) 228a, F)
228b and G) 230a. Black lines mark the echolocation periods of the dives. Dives without echolocation periods were not used for the analysis because they
were incomplete due to tag release (226a, 228a, 228b and 230a) or the echolocation period could not be identified due to errors in the original sound files
(226a and 230a). H) Pooled time budget of the seven sperm whales tagged off the Azores. The bars show the periods of time spent: (i) not echolocating
(grey) and (ii) echolocating during deep dives (black). Whale codes are as for Table 1.
doi:10.1371/journal.pone.0150660.g002
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the first dive cycle after tagging was excluded from the analyses to reduce potential bias due to
the reaction of whales to tagging. We considered that whales were available for acoustic detec-
tion only during the echolocation periods within foraging dives, because only ‘usual’ echoloca-
tion clicks, and not social sounds such as codas, were used in our survey to detect and localise
whales. Hence, the vocal period over which sperm whales were acoustically detectable was
defined as the interval between the beginning and the end of clicking within a dive. We pooled
data from all whales to estimate the probability of a sperm whale being available for acoustic
detection (Fig 3).
An estimate of g(0) was calculated for our ESHW of 4.168 km and survey speed of 6.4 knots.
Additionally the simulation model was run for a representative range of other ESHWs and sur-
vey speeds. For each combination of parameters the simulation was run 2000 times (S1 File).
Abundance estimation
The ESHW was estimated from acoustically derived perpendicular distances of the whales
from the track-line using the software Distance, version 6.0 release 2 [20]. Given that sperm
Table 1. Information on the spermwhale DTag recordings. Whale codes are generated by combining the three-digit Julian day and the deployment
order of the tag in that day (as a letter). A complete dive cycle comprises a foraging dive and the following inter-dive interval. Only complete dive cycles were
used here, and the first dive cycle after tagging was excluded. Foraging dives were divided into an echolocation period (when animals were producing 'usual'
clicks [30]) and periods of silent descent and ascent (between the surface and the depth at which animals started and stopped clicking). Durations are given
as the median of each period (range).
Whale
code
Gender # dive
cycles
Echolocation period
(minutes)
Periods of silent descent and ascent
(minutes)
Inter-dive interval
(minutes)
211b female or immature
male
11 41.1 (32.8–45.1) 8.8 (7.9–11.1) 8.5 (7.2–9.8)
222a female 5 32.7 (25.4–36.9) 11.8 (10.1–10.2) 8.3 (7.5–11.5)
222b female or immature
male
7 37.0 (32.7–39.9) 9.1 (8.8–12.1) 12.0 (9.5–16.8)
226a female 16 33.1 (28.9–38.4) 6.3 (5.1–9.9) 9.4 (8.0–175.0)
228a female or immature
male
19 30.7 (24.8–35.5) 7.2 (5.6–10.7) 9.9 (8.7–126.6)
228b female or immature
male
12 35.7 (29.1–40.8) 9.5 (5.9–9.8) 9.9 (8.9–139.4)
230a female 11 35.2 (27.1–38.6) 6.3 (5.0–10.8) 7.9 (6.4–9.6)
doi:10.1371/journal.pone.0150660.t001
Fig 3. Probability histograms. Probability histograms of the duration of echolocating and not echolocating phases (in 1 minute-bins) for the seven sperm
whales tagged off the Azores. The echolocation phase represents the time elapsed from the start to the end of ‘usual’ clicking in a foraging dive; the silent
phase, i.e. when the whale was not echolocating, is the sum of the silent descent, silent ascent and the time spent at the surface between dives (IDI). The
simulation model was run with parameters chosen from these echolocating/not echolocating distributions.
doi:10.1371/journal.pone.0150660.g003
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whale groups can extend across relatively large areas [22], distances to individual animals were
used as the sampling unit, rather than using distances to the centres of groups and the number
of whales within each group [see Lewis et al. in prep]. Sperm whale density (D^) was estimated
using the following equation:
D^ ¼ n
2m^L
 1
gð0Þ ½whales=unit area ð1Þ
where n is the number of sperm whales detected acoustically, m^ is the ESHW, L is the total sur-
veyed transect length and g(0) is the estimated fraction of whales that were detected along the
transect. Rather than assume g(0) = 1 we used our estimation of the value of g(0). The estimate
of abundance N^ in the surveyed area A is given by:
N^ ¼ A D^ ð2Þ
Overlapping effort at transect corners
Where transects meet, or nearly meet, at the corners of the zigzag design, there may be an over-
lap in the area surveyed. Where such transects are surveyed consecutively this may result in
animals in this area being counted twice. Such detections will generate some non-independence
when transects are used as the sampling unit for variance estimation. To address this situation
whales were only counted once in these areas. To compensate for the consequent reduction in
effort the sum of such overlapping areas was calculated and a correction applied to the density
estimate within the program Distance.
AIS data
The transmission of AIS (Automatic Identification System) data is mandatory for large
vessels. A sample of AIS data collected by KAI Marine Services in the framework of the
LIFE+INDEMARES Project was made available for this study to obtain a representative distri-
bution of ship traffic in the waters off the Canary Islands. It was not the objective of this to
obtain an absolute measure of the number of ships crossing the archipelago. For this analysis
AIS data from a 28 day period were used. These comprised of data from seven days in each of
the months of January, April, July and October chosen randomly from a data set of 365 days
of AIS signals. The AIS data layer was overlaid with a grid of cell size 5'x5' and the number of
AIS signals present by unit area (km2) was estimated assuming that the AIS data analysed
here were representative of the shipping traffic thorough the year. Thus for each grid cell we
estimated a mean value of AIS/km2/year. No information about vessel type or cargo was
obtained from the AIS data.
Results
Line-transect g(0) estimation
The diving behaviour of the tagged whales was consistent with the highly stereotyped behaviour
described byWatwood et al. [31] for sperm whales in low latitudes (Fig 2). Whales started click-
ing on average at 200 m (61–452 m) depth and produced echolocation clicks almost continuously
until they stopped searching for prey at a mean depth of 615 m (359–806 m) at the beginning of
the ascent from their dives. Whales spent on average 60% of their time echolocating, with echolo-
cation periods lasting on average 34 min (25–45 min, Fig 3). Periods not echolocating, i.e. the
sum of the silent descent stage, the silent ascent from a dive and the inter-dive interval, lasted a
mean of 24 min (12–181 min, Fig 3). The Monte Carlo simulation estimated the probability of
SpermWhales in the Canary Islands
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detecting sperm whales on the transect line g(0) = 0.92 (σ = 0.031) for this survey (S1 Fig). The
results for other survey settings are presented in the supplementary material (S1 File).
Abundance estimation
During 225 hours of acoustic effort covering 2668 km of track-lines, perpendicular distances
from the track were determined to 85 acoustically detected sperm whales; the maximum per-
pendicular distance was 11 km. Acoustic detections were truncated at 9 km, resulting in dis-
tances to 83 sperm whales being used to fit a detection function. Based on the minimum
Akaike Information Criterion (AIC), the Hazard Rate Key model with no adjustment terms
and no constraints was selected (Fig 4), resulting in an ESHW of 4168 m (95% log-normal CI
3599–4826). The total area of overlapping effort at consecutively surveyed zigzag corners was
calculated as 4.2% of the total area surveyed and this was included in the density calculation.
The abundance estimate for the number of sperm whales in the survey area before applying
our estimate of g(0) is provided here to allow for the substitution of alternative values of g(0).
This estimate (assuming g(0) = 1) was 206 animals (CV of 32.0% and 95% log-normal CI 111–
383) with an estimated density of 3.90 whales/1000 km2 (95% log-normal CI 2.10–7.242.09–
7.22). Applying our estimate of g(0) and σ within Distance resulted in an absolute abundance
estimate of N^ = 224 sperm whales (95% log-normal CI 120–418) within the survey area, with a
corresponding density estimate of D^ = 4.24 whales/1000 km2 (95% log-normal CI 2.27–7.89).
The CV for the abundance and density estimates was 32.2%.
Sperm whale distribution
Sperm whales were distributed throughout the archipelago (Fig 5); there were detections
around all surveyed seamounts and all major islands, except for El Hierro. Most detections
were made in the following areas: the channel between Tenerife and Gran Canaria, north of La
Palma, east and west of the channel between Fuerteventura and Lanzarote, and in the vicinity
of the Concepcion seamount (Fig 5). There was a significant concentration of whales in a rela-
tively small area to the north of La Palma, where four groups were detected, one of which con-
tained over 20 individuals. Following this, the area with the highest number of groups was the
channel between Tenerife and Gran Canaria. In general there was an increase in the number of
detections with increasing depth within the surveyed area.
Fig 4. Histogram and detection function.Histogram of perpendicular distances to sperm whale acoustic detections and the fitted detection function. Data
were grouped into 600 m bins for the histogram, although exact distances were used to fit the detection function. Data were truncated at 9 km.
doi:10.1371/journal.pone.0150660.g004
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Discussion
Knowledge of distribution and abundance is essential for effective management towards con-
servation of wildlife. Here, we estimate the absolute abundance and density of sperm whales in
the Canary Islands and provide a snap-shot of their distribution. The results are used to assess
the sustainability of ship-strikes for sperm whales in the archipelago and suggest that the
Canary Islands might be acting as an attractive sink habitat.
Detection function
The estimate of g(0) for our survey was 0.92. This means that sperm whale abundance would
be underestimated by approximately 8% should we fail to account for animals not echolocating
for periods exceeding our survey's detection time-window of 43 minutes. This time-window is
given by 2 × detection range/survey speed. Here we use the ESHW of 4.2 km as an approxima-
tion to the detection range, and use the mean survey speed of 11.8 km/h. The estimate of g(0)
was performed using bio-logging data from the Azores, on the basis that sperm whales will
Fig 5. Spermwhale survey effort and detections overlaid onmap of marine traffic density. Acoustically surveyed tracks are shown as green lines,
while tracks in red show when sperm whales were acoustically detected. Marine traffic data were obtained from AIS data and coloured by traffic density
(given as AIS signals/km2/year).
doi:10.1371/journal.pone.0150660.g005
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behave (Fig 2) similarly in the Azores and the Canary Islands given both regions have similar
habitats and lie within the Macaronesia ecoregion [32]. Moreover, the diving and vocal behav-
iour of sperm whales across warm and temperate regions has been shown to be highly stereo-
typed [31].
The ESHW of 4.2 km for this survey was about half that of the ESHWs estimated for surveys
performed in comparable latitudes, where groups comprising of females and immature animals
predominate, e.g. 8–10 km [33, 34]. This difference is probably due to masking caused by ele-
vated levels of noise generated by our survey vessel. The histogram of perpendicular distances
(Fig 4) shows a dip close to the track line (<600 m) with a peak further out (600–1800 m). This
dip and peak in the histogram is likely to have resulted from the process of rotating the dis-
tances to dived whales to the surface in order to obtain horizontal perpendicular distances for
Distance analysis (as described in Materials and Methods). Leaper et al. [25] showed that the
bias introduced by this simplification was small (e.g.<1% for animals diving to 1000 m), fur-
thermore the Hazard Rate Key model, aided by a plateau in the histogram data beyond the
peak, effectively smoothed out this perturbation.
Abundance estimation & distribution
The density of sperm whales within the survey area was 4.24 whales/1000 km2 (CI 2.27–7.89),
just 18% of the density estimate obtained during the first survey of sperm whales in the Canary
Islands, made in 1995, of between 19.6 and 27.7 whales/1000 km2 [18]. This reduction is con-
siderable, but should be interpreted with caution, given that both studies differ in several
respects: (i) our survey was performed in autumn-winter, while André surveyed in summer;
(ii) André covered a smaller survey area—extending to 20 km offshore (ours extended to 27
km from the 500 m isobath); (iii) André used acoustic point sampling, whereas we used line
transect sampling, and iv) André used a mean value for group size in the abundance estima-
tion, based on observations of sperm whales off the central islands, whereas we used distances
to each animal detected within a group for CDS analysis.
Although sperm whales exhibit a nomadic ranging behaviour [35], and consequently can be
found throughout the Canary Islands, we also found that there were specific areas where sperm
whales were concentrated, and that many of these areas were consistent with those reported by
[18]. These areas included: the area north of La Palma, the channel between Gran Canaria and
Tenerife, the area southwest of La Gomera, the areas southeast and northwest of Fuerteventura,
and the area northeast of Lanzarote (Fig 5). Additionally, a new area of aggregation was found
around the Concepcion seamount, an area not surveyed by André. While these two surveys
only constitute snapshots of the distribution of the whales, the coincidence of areas with higher
whale concentrations in both surveys, which were carried out more than a decade apart, sug-
gests that sperm whales may have preferred habitats in the archipelago.
Potential ship-strike risk
This study suggests that sperm whales may occupy preferred areas within the archipelago,
which might be quite stable across time, likely indicating important foraging habitats and some
degree of site fidelity within the region. Some of these aggregation areas coincide with areas of
high maritime traffic density [16, 36], creating areas with an elevated ship-strike risk (Fig 5).
For example, the preference of sperm whales for the channel between Tenerife and Gran Cana-
ria may explain the high number of strandings with signs of ship-strikes recorded in Tenerife
[15, 16]. This channel is crossed by inter-island ferry routes which are used by fast (travelling
at 23–25 knots) and high speed (travelling at 30–40 knots) ferries some 130 times per week
[16]. A shipping lane endorsed by the IMO also passes through the channel (Fig 5). The
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dominant trade-wind and marine currents in the archipelago are from the northeast and there-
fore favour the stranding of carcasses on the island on the western side of the channel, i.e.
Tenerife.
Carrillo and Ritter [15] showed that in the Canary Islands at least two sperm whales per
year died between 1999 and 2007 with signs of ship-strike. In general, caution is required when
inferring ship-strike as the cause of a stranding, given that injuries may be post-mortem, poten-
tially resulting in an overestimation of strike-related mortalities [2]. However, all necropsies
(n = 17) performed on sperm whales that stranded with signs of collision in the Canary Islands
confirmed ship-strike as the cause of death [37, 38]. Necropsies were performed on animals
stranded in an adequate state of conservation, independently of the cause of death. This
strongly suggests that the estimate of annual ship-strike mortality rate gathered from strand-
ings is not overestimated. In fact, the actual number of ship-strike mortalities is likely to be
underestimated by stranding data, since not all carcasses strand and not all stranded animals
are discovered. For example, Williams et al. [39] suggested the rate of discovery of sperm whale
carcasses in the Gulf of Mexico was only 3%. This rate may be higher in the Canary Islands due
to the proximity of deep waters to the shore; however, the steepness of the coast may impede
the discovery and recovery of stranded animals in many areas [40]. Furthermore, when car-
casses of stranded whales are found, signs of collision may not be detected or conclusive.
The average number of strandings per year showing signs of collision represents about 1%
of the 224 sperm whales estimated to be within the surveyed waters around the archipelago.
Whitehead [41] estimated the maximum rate of increase of a sperm whale stock (r) to be about
1.1% per year. Applying this to our abundance estimate gives a maximum rate of increase of
2.5 whales per year, a value that is very close to the 2 whales that strand per year with signs of
collision. Moreover, given the likelihood that strandings are underestimating the actual ship-
strike mortality rate, mortalities due to ship-strikes would likely exceed the reproduction rate
of the number of sperm whales surveyed in the Canary Islands. Nevertheless, the overall effect
of anthropogenic mortality on an animal population will depend on whether or not the losses
can be compensated for by external recruitment [42]. The lack of data on the site fidelity and
the connectivity of sperm whale groups inhabiting the Canary Islands preclude an accurate
evaluation of the risk posed by ship-strikes for this pelagic deep-diving species in the archipel-
ago. However, given female philopatry [43] and the complex social structure of this cetacean
species [44, 45], the fact that ship-strikes in the Canary Islands appear to preferentially affect
females and young animals [15] may increase the risk of population level effects.
This study presents the first attempt to assess the potential effects of ship-strikes on sperm
whales in the Canary Islands, and represents the best available information on which to base
management actions until further data on population structure becomes available. The results
suggest that the archipelago could be considered as an attractive sink habitat [42]. Such a habi-
tat is defined as a high-quality area in terms of occupancy (e.g. for food resources), but low-
quality in terms of poor survival rates arising from human activities [46]. When such appar-
ently attractive sink habitats are utilised in preference to other habitats, the population as a
whole may decline or become locally extinct [47]. The implications of selecting an attractive
sink habitat for a population´s long term survival will depend on the population size [48], the
strength and flexibility of the habitat selection [49]) and the amount of sink habitat in the land-
scape [42]. In the face of uncertainty, it is important to implement precautionary approaches
to management [50, 51]. Applying the precautionary approach in this case would mean reduc-
ing the anthropogenic impact, i.e. that caused by ship traffic, to reduce human induced mortal-
ity in an apparently high-quality habitat for sperm whales in the North Atlantic.
Sperm whales in the Canary Islands are not well studied, but it is recognised that sperm
whales occur mainly in groups composed primarily of females and their offspring which are
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present in the islands all year-round [18]. Sperm whales in the North Atlantic are considered a
single stock [52], and genetic studies carried out by Alexander et al. [53] show an mtDNA dif-
ferentiation between the Canary Islands and the western North Atlantic, which suggests that
there is no apparent connection between females groups within the west and east North Atlan-
tic Ocean. Given the local philopatry of females ([43, 53], previous studies have suggested that
management of sperm whales should be focused on females and immature components of the
population [53, 54, 55]. Here, we support the idea that mitigation measures should be imple-
mented in the archipelago in order to reduce ship-strike mortality rates. Mitigation measures,
proposed by Silber et al. [56] and Carrillo and Ritter [15], should be evaluated for their effec-
tiveness and be implemented for both the inter-insular ferries and the international shipping in
collaboration with the IMO. In this study, we focused on the sperm whale, however all cetacean
species involved in ship-strikes in the Canary Islands [15, 37] will potentially benefit from
these mitigation measures.
Supporting Information
S1 Fig. Estimates of g(0). Estimates of g(0) for acoustic line transect surveys of female/imma-
ture sperm whales as a function of vessel speed and effective strip width. The black cross marks
the ESHW (4.168 km) and survey speed (6.4 knots) for this survey, resulting in an estimated g
(0) of 0.92.
(EPS)
S1 File. Line-transect g(0) estimaions.
(DOCX)
S2 File. Data imported into Distance program.
(DOCX)
S3 File. Data imported into simulation model.
(DOCX)
Acknowledgments
Many thanks to the dedicated participants who took part in the sperm whale acoustic survey.
Thanks also to Oscar Pérez of Centro de Investigaciones Medioambientales del Atlántico
(CIMA) for his GIS work in Fig 5, to René Swift and Phil Hammond (SMRU, St Andrews Uni-
versity) for their advice in the design and analysis of the survey, to Peter T. Madsen, Mark
Johnson and Claudia Oliveira for providing DTag data from Azores, and to Ricardo Sagarmi-
naga and Greg Silber. We would also like to thank Kam Chin and David Phinney of the U.S.
Department of Transportation's John A. Volpe National Transportation Systems Center for
invaluable assistance in providing vessel AIS data.
Author Contributions
Conceived and designed the experiments: NAS TL AF. Performed the experiments: NAS TL
AF OA. Analyzed the data: AF TL DZ OA. Contributed reagents/materials/analysis tools: TL
AF DZ AT. Wrote the paper: AF TL NAS DZ OA AT.
References
1. Hildebrand JA. Anthropogenic and natural sources of ambient noise in the ocean. Mar Ecol Prog Ser.
2009; 395: 5–20.
SpermWhales in the Canary Islands
PLOS ONE | DOI:10.1371/journal.pone.0150660 March 21, 2016 13 / 16
2. Laist DW, Knowlton AR, Mead JG, Collet AS, Podesta M. Collisions between ships and whales. Mar
MammSci. 2001; 17: 35–75.
3. Silber GK, Slutsky J, Bettridge S. Hydrodynamics of a ship/whale collision. J Exp Mar Bio Ecol. 2010;
391: 10–19.
4. Constantine R, Johnson M, Riekkola L, Jervis S, Kozmian-Ledward L, Dennis T, et al. Mitigation of ves-
sel-strike mortality of endangered Bryde´s whales in the Hauraki Gulf, New Zealand. Biol Conserv.
2015; 186:1 49–157.
5. Vanderlaan AS, Taggart CT. Vessel collisions with whales: the probability of lethal injury based on ves-
sel speed. Mar MammSci. 2007; 23: 144–156.
6. Ritter F. Collision of sailing vessels with cetaceans worldwide: First insight into a seemingly growing
problem. J Cetacean Res Manag. 2012; 12: 119–127.
7. Conn PB, Silber GK. Vessel speed restrictions reduce risk of collision-related mortality for North Atlantic
right whales. Ecosphere. 2013; 4: 43.
8. VanWaerebeek K, Baker AN, Félix F, Gedamke J, Iñiguez M, Sanino GP, et al. Vessel collisions with
small cetaceans worldwide and with large whales in the Southern Hemisphere, an initial assessment.
Lat Am J Aquat Mamm. 2007; 6: 43–69.
9. Jensen AS, Silber GK. LargeWhale Ship Strike Database. US Department of Commerce. National
Oceanic and Atmospheric Administration. Technical Memorandum NMFS-OPR. 2003.
10. Fujiwara M, Caswell H. Demography of the endangered North Atlantic right whale. Nature. 2001; 414:
537–541. PMID: 11734852
11. Douglas AB, Calambokidis J, Raverty S, Jeffries SJ, Lambourn DM, Norma SA. Incidence of ship
strikes of large whales in Washington State. J Marine Biol Asso UK. 2008; 88: 1121–1132.
12. Kraus SD, Brown MW, Caswell H, Clark CW, Fujiwara M, Hamilton PK, et al. North Atlantic right whales
in crisis. Science. 2005; 5734: 561.
13. Williams R, Lusseau D. Killer whales social network can be vulnerable to targeted removals. Biol Lett.
2006; 2: 497–500. PMID: 17148272
14. Rodríguez MC, García E, Poleo A. High speed crafts in the Canary Islands. J Marit Res. 2005; 2: 81–
91.
15. Carrillo M, Ritter F. Increasing numbers of ship strikes in the Canary Islands: proposals for immediate
action to reduce risk of vessel-whale collisions. J Cetacean Res Manag. 2010; 11: 131–138.
16. Ritter F. Quantification of ferry traffic in the Canary Islands (Spain) and its implications for collisions with
cetaceans. J Cetacean Res Manag. 2010; 11: 139–146.
17. Aguilar Soto N, Díaz F, Carrillo M, Brito A, Barquín J, Alayón P, et al. Evidence of disturbance of pro-
tected cetacean populations in the Canary Islands. J Cetacean Res Manag. 2000; SC/53/WW1.
18. André M. Distribución y conservación del cachalote (Physeter macrocephalus) en las Islas Canarias.
Ph.D. Thesis, University of Las Palmas de Gran Canaria. 1997.
19. MEPC 52/24/Add.1 ANNEX 22. Resolution MEPC 134(53) 2005. Designation of the Canary Islands as
a particularly sensitive sea area.
20. Thomas L, Laake JL, Rexstad E, Strindberg S, Marques FFC, Buckland ST, et al. Distance 6.0.
Release 2. Research Unit for Wildlife Population Assessment, University of St. Andrews, UK. 2006.
Available: http://www.ruwpa.st-and.ac.uk./distance/
21. Buckland S, Anderson D, Burnham J, Laake J, Borchers D, Thomas L. Introduction to Distance Sam-
pling: Estimating Abundance of Biological Populations. Oxford: Oxford University Press; 2001.
22. Whitehead H. Sperm whales: social evolution in the ocean. University of Chicago Press; 2003.
23. Gillespie D, Leaper R. Detection of sperm whales (Physeter macrocephalus) clicks and discrimination
of individual vocalisations. European Research on Cetatecans. 1996; 10: 87–91.
24. Gillespie D. An acoustic survey for sperm whales in the Southern Ocean Sanctuary conducted from the
RSV Aurora Australis. J Cetacean Res Manag. 1997; 47: 897–907.
25. Leaper R, Gillespie D, Papastavrou V. Results of passive acoustic surveys for odontocetes in the
Southern Ocean. J Cetacean Res Manag. 2000; 2: 187–196.
26. Leaper R, Gillespie D, Gordon J, Matthews J. Abundance assessment of sperm whales. J Cetacean
Res Manag. 2003; SC/55/O13.
27. Barlow J, Tyack PL, Johnson M, Baird RW, Schorr GS, Andrews RD, et al. Trackline and point detec-
tion probabilities for acoustic surveys of Cuvier's and Blainville's beaked whales. J Acoust Soc Am.
2013; 134: 2486–2496. doi: 10.1121/1.4816573 PMID: 23968046
SpermWhales in the Canary Islands
PLOS ONE | DOI:10.1371/journal.pone.0150660 March 21, 2016 14 / 16
28. Borchers D, Zucchini W., Heide-Jørgensen M., Cañadas A., Langrock B. Using hidden Markov models
to deal with availability bias on line transect surveys. Biometrics 2013; 69: 703–713. doi: 10.1111/biom.
12049 PMID: 23848543
29. Johnson M, Tyack P. A digital acoustic recording tag for measuring the response of wild marine mam-
mals to sound. IEEE journal of oceanic engineering. 2003; 28: 3–12.
30. Gordon JCD. The behaviour and ecology of sperm whales off Sri Lanka. Ph.D. Thesis, University of
Cambridge. 1987.
31. Watwood SL, Miller PJO, Johnson M, Madsen PT, Tyack PL. Deep-diving foraging behaviour of sperm
whales (Physeter macrocephalus). J Anim Ecol. 2006; 75: 814–825. PMID: 16689963
32. Spalding MD, Fox HE, Allen GR, Davidson N, Ferdaña ZA, Finlayson M, et al. Marine ecoregions of the
world: a bioregionalization of coastal and shelf areas. Bioscience. 2007; 57: 573–583.
33. Barlow J, Taylor BL. Estimates of sperm whale abundance in the northeastern temperate Pacific from a
combined acoustic and visual survey. Mar MammSci. 2005; 21: 429–445.
34. Lewis T, Gillespie D, Lacey C, Matthews J, Danbolt M, Leaper R, et al. Sperm whale abundance esti-
mates from acoustic surveys of the Ionian Sea and Straits of Sicily in 2003. J Mar Biol Assoc UK. 2007;
87: 353–357.
35. Whitehead H, Coakes A, Jaquet N, Lusseau S. Movements of sperm whales in the tropical Pacific. Mar
Ecol Prog Ser. 2008; 361: 291.
36. Tejedor A, Sagarminaga R, Zorzo P. Mitigación de los impactos del tráfico marítimo en aguas españo-
las. Proyecto LIFE+INDEMARES. 2012.
37. Arbelo M, Espinosa Monteros A, Herráez P, Andrada M, Sierra E, Rodríguez F, et al. Pathology and
causes of death of stranded cetaceans in the Canary Islands (1999–2005). Dis Aquat Org. 2013; 103:
87–99. doi: 10.3354/dao02558 PMID: 23548359
38. Díaz-Delgado J. Patología y causas de la muerte de los cetáceos varados en las Islas Canarias (2006–
2012). Ph.D. Thesis, University of Las Palmas of Gran Canaria. 2015.
39. Williams R, Gero S, Bejder L, Calambokidis J, Kraus SD, Lusseau D, et al. Underestimating the dam-
age: interpreting cetacean carcass recoveries in the context of the Deepwater Horizon/BP incident.
Conserv Lett. 2011: 1–6.
40. Faerber MM, Baird RW. Does a lack of observed beaked whale strandings in military exercise areas
mean no impacts have occurred? A comparison of stranding and detection probabilities in the Canary
and main Hawaiian Islands. Mar MammSci. 2010; 26: 602–613.
41. Whitehead H. Estimates of the current global population size and historical trajectory for sperm whales.
Mar Ecol Prog Ser. 2002; 242: 295–304.
42. Delibes M, Gaona P, Ferreras P. Effects of an attractive sink leading into maladaptive habitat selection.
Am Nat. 2001; 158: 277–285. doi: 10.1086/321319 PMID: 18707324
43. Lyrholm T, Leimar O, Johanneson B, Gyllensten U. Sex-biased dispersal in sperm whales: contrasting
mitochondrial and nuclear genetic structure of global populations. Proc Biol Sci. 1999; 266: 347–354.
PMID: 10097396
44. Gero S, Gordon J, Whitehead H. Calves as social hubs: dynamics of the social network within sperm
whale units. Proc Biol Sci. 2013; 280: 20131113. doi: 10.1098/rspb.2013.1113 PMID: 23740785
45. Gero S, Gordon J, Whitehead H. Individualized social preferences and long-term social fidelity between
social units of sperm whales. Anim Behav. 2015; 102: 15–23.
46. Gaona P, Ferreras P, Delibes M. Dynamics and viability of a metapopulation of the endangered Iberian
lynx (Lynx pardinus). Ecol monogr. 1998; 68: 349–370
47. Battin J. When good animals love bad habitats: ecological traps and the conservation of animal popula-
tions. Conserv Biol. 2004; 18: 1482–1491.
48. Kokko H, SutherlandWJ. Ecological traps in changing environments: ecological and evolutionary con-
sequences of a behaviourally mediated Allee effect. Evol Ecol Res. 2001; 3: 537–551.
49. Donovan TM, Thompson FR III. Modeling the ecological trap hypothesis: a habitat and demographic
analysis for migrant songbirds. Ecol Appl. 2001; 11: 871–882.
50. Cooney R. The Precautionary Principle in Biodiversity Conservation and Natural Resource Manage-
ment: An Issues Paper for Policy-Makers, Researchers and Practitioners. International Union for Con-
servation of Nature; 2004.
51. Cooney R, Dickson B. Biodiversity and the Precautionary Principle: Risk, Uncertainty and Practice in
Conservation and Sustainable Use. Earthscan/James & James; 2005.
52. Lyrholm T, Gyllensten U. Global matrilineal population structure in sperm whales as indicated by mito-
chondrial DNA sequences. Proc Biol Sci. 1998; 265: 1679–1684. PMID: 9753788
SpermWhales in the Canary Islands
PLOS ONE | DOI:10.1371/journal.pone.0150660 March 21, 2016 15 / 16
53. Alexander A, Steel D, Hoekzema K, Mesnick S, Engelhaupt D, Kerr I, et al. What influences the world-
wide genetic structure of sperm whales (Physeter macrocephalus)? Submitted in Mol Ecol.
54. Gero S, Gordon J, Carlson C, Evans P, Whitehead H. Population estimate and inter-island movement
of sperm whales, Physeter macrocephalus, in the Eastern Carribbean Sea. J Cetacean Res Manag.
2007; 9: 143.
55. Engelhaupt D, Rus Hoelzel A, Nicholson C, Frantzis A, Mesnick S, Gero S, et al. Female philopatry in
coastal basins and male dispersion across the North Atlantic in a highly mobile marine species, the
sperm whale (Physeter macrocephalus). Mol Ecol. 2009; 18: 4193–4205. doi: 10.1111/j.1365-294X.
2009.04355.x PMID: 19769692
56. Silber GK, Vanderlaan A, Tejedor Arceredillo A, Johnson L, Taggart C, Brown M, et al. The role of the
International Maritime Organization in reducing vessel threat to whales: Process, options, action and
effectiveness. Mar Policy. 2012; 36: 1221–1233.
SpermWhales in the Canary Islands
PLOS ONE | DOI:10.1371/journal.pone.0150660 March 21, 2016 16 / 16
